Introduction {#S1}
============

The plasma membrane is composed of various domains which differ in the composition of lipids, sterols or sterol-like substances and sphingolipids, as well as in the composition of proteins (e.g. [@R36], [@R27]). The size of plasma membrane domains varies between a few nanometers ('lipid rafts'), probably present in the plasma membrane of every cell ([@R56]), up to several micrometers as reported from the plasma membrane of yeast ([@R36]) and higher plants (e.g. [@R50], [@R43], [@R6]). In addition to this lateral compartmentation of the plasma membrane, cells specialized for the transport of ions, carbohydrates or proteins may locally increase the area of the plasma membrane in order to accommodate a high number of transport proteins, adding an additional dimension in plasma membrane complexity. Animal cells with high transport activities across the plasma membrane often develop extensions towards the outside like microvilli ([@R31]). The walled plant cells involved in extensive absorption or secretion of solutes increase their surface-to-volume ratio by convoluted plasma membrane domains (invaginations) which are stabilized by ingrowths of the secondary wall. Such 'transfer cells' are widespread over the whole plant kingdom including mosses, ferns and higher plants ([@R24], [@R45]). Convoluted plasma membrane domains are also frequent in epidermal cells of submerged leaves of water plants ([@R49]). Their amplified plasma membrane area harbors numerous H^+^-ATPases which acidify their surroundings ([@R33]). The exported protons are used to reduce the poorly membrane-permeable hydrogen carbonate (HCO~3~^−^, bicarbonate) to CO~2~ which diffuses into the cell where it is used for photosynthesis.

The highly evolved characean green algae use a similar strategy for carbon assimilation via acidification of the medium. Within their thallus, huge, cylindrical internodal cells alternate with groups of smaller, roundish or flat nodal cells ([Fig. 1A, B](#F1){ref-type="fig"}). Their internodal cells show a conspicuous pattern of alkaline and acid bands which can be visualized by phenol red ([Fig. 1C](#F1){ref-type="fig"}; [@R57]). The outward-directed proton fluxes at the acid bands are involved in photosynthetic carbon assimilation ([@R47], [@R4]). The alkaline zones, probably regions of proton influx, are required for maintaining cellular pH homoeostasis ([@R3]). In internodal cells of the genus *Chara* and under steady-state conditions, the pH banding pattern correlates with the spatio-temporal distribution of elaborate plasma membrane invaginations called charasomes ([@R22]) ([Fig. 1D](#F1){ref-type="fig"}, 4; [Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}). These charasomes can be identified in living cells by fluorescent plasma membrane dyes due to the increased signal caused by the superimposed plasma membrane infoldings ([Fig. 1D](#F1){ref-type="fig"}; Schmoelzer 2011). Unlike the infoldings in transfer cells of higher plants, ferns and mosses, however, charasomes are not stabilized by a secondary wall but by a dense, as yet unidentified protein or proteoglycan coat ([@R46]). At the acid regions, charasomes are large and abundant ([Fig. 1D](#F1){ref-type="fig"}) whereas at alkaline bands only few and small charasomes are present ([@R22], [@R54]). In a previous study, we were able to confirm earlier findings about H^+^-ATPase activity ([@R48]) and showed that H^+^-ATPases are distributed along the whole plasma membrane, being more concentrated at charasomes due to the increase in plasma membrane area ([@R54]), underpinning the idea of a positive correlation between the distribution of charasomes and pH banding in *Chara* at least in internodal cells of the branchlets. A prerequisite for charasome development is photosynthesis ([@R4]). The formation of acid and alkaline bands has also been described to depend on photosynthesis and, additionally, on cytoplasmic streaming ([@R10]). The latter occurs via interaction of myosin-associated endoplasmic organelles with subcortical actin bundles attached to the inner surface of the stationary chloroplast files ([Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}; [@R55]).

In general, plasma membrane domains are characterized by a specific set of lipids and proteins (e.g. [@R39], [@R36]). During the course of this study we investigated whether there is a relationship between the distribution of charasomes and that of the cortical cytoskeleton components. We focused on the cortical microtubule and actin cytoskeleton which forms a structural and physiological unit with the plasma membrane, being involved in signal transduction, endo- and exocytosis and other transport processes (e.g. [@R12], [@R38]). Several findings already revealed a close relationship between cytoskeleton and plasma membrane domains. In animal cells, proteins enriched in small plasma membrane domains (lipid rafts) were shown to be involved in the organization of the actin and microtubule cytoskeleton (e.g. [@R25]). In higher plant cells, microtubules have been shown to be excluded from plasma membrane domains enriched in Rho-GTPases ([@R44]). The results of the present study showed that microtubules and actin filaments were largely excluded from the cytoplasmic surface of charasomes, indicating local absence of nucleating and/or anchoring proteins. We also confirmed earlier findings ([@R46]) indicating that coated pits were largely absent from the membrane of mature charasomes. We found further that microtubules were not required for the formation and degradation of charasomes, whereas the disturbance of the actin cytoskeleton had significant effects on charasome growth and degradation. These data suggest that actin and the microtubule cytoskeleton are not equally important for charasome development.

Results {#S2}
=======

Microtubules largely excluded from charasomes {#S3}
---------------------------------------------

During the course of this study, we used internodes of the branchlets collected from the second to the fifth upper whorl of a thallus ([Fig. 1A](#F1){ref-type="fig"}). Each whorl consisted of five or six branchlets and each branchlet consisted of 2--3 internodal cells which varied in length between 5 and 30 mm ([Fig. 1B, C](#F1){ref-type="fig"}). Following incubation in the pH indicating dye phenol red, cells formed one to several alkaline bands flanked by acid zones ([Fig. 1C](#F1){ref-type="fig"}). Charasomes visualized by staining with FM dyes were preferentially located at the acid regions, as described earlier ([Fig. 1D](#F1){ref-type="fig"}; [@R54]). The size and abundance of charasomes formed under similar growth conditions depended on the developmental stage of internodal cells ([@R11], [@R54]; see below). Charasomes were smaller and less abundant in young, elongating internodes (W1--W3) than in mature cells (W4--W5). Furthermore, charasomes in young internodal cells were usually roundish ([Fig. 2A](#F2){ref-type="fig"}) whereas those in mature cells often had an elongate, branched shape ([Figs. 1D](#F1){ref-type="fig"}, [2I](#F2){ref-type="fig"}). In the mature internodal cells of branchlets used for this study, the charasome area fraction, i.e. the percentage of charasomes covering the cell surface amounted up to 45% at the acid regions of the cells. At the alkaline zones, where only few, minute charasomes were present, the charasome area fraction was always \<5% and this percentage was independent of the developmental stage ([@R54]).

In order to visualize charasomes together with microtubules, FM-stained internodal cells were either perfused with fluorescent paclitaxel ([Fig. 2](#F2){ref-type="fig"}) or fixed and processed for immunofluorescence with an antibody against tubulin ([Supplementary Fig. S2A, B](#SD2){ref-type="supplementary-material"}). Both methods yielded similar images, ruling out the possibility that perfusion with the microtubule-stabilizing paclitaxel induced changes in microtubule length and/or orientation or that FM staining prior to perfusion with fluorescent paclitaxel or immunolabeling changed the distribution of microtubules in relation to charasomes. For our study, we preferred perfused cells because the uneven surface of the shrunken cytoplasm in chemically fixed cells impaired the analysis of co-localization. Furthermore, FM-stained charasomes were often less distinct in fixed cells, probably due to dye leakage.

The density, length and orientation of cortical microtubules in characean internodal cells of the main axis depend on the developmental stage ([@R61]), and this was also true for the internodal cells of branchlets investigated during this study. Cells collected from the second whorl had abundant and long cortical microtubules which were oriented predominantly transverse to the long axis, indicating that cells were rapidly elongating ([Fig. 2A--C](#F2){ref-type="fig"}). These cells usually contained small and roundish charasomes with a diameter not exceeding 1 μm ([Fig. 2A](#F2){ref-type="fig"}), often being homogeneously distributed along the cell surface, which is consistent with the absence of a detectable pH banding pattern. The microtubules of internodal cells collected from the third whorl were mostly oriented in an oblique direction relative to the cell's long axis, as typical for internodes which had just completed growth ([Fig. 2D, E](#F2){ref-type="fig"}; [@R61]). Charasomes at the acid regions of these cells were more numerous than in younger cells and had a roundish or elongate shape ([Fig. 2D](#F2){ref-type="fig"}). Cells from the fourth and older whorls had fewer and shorter microtubules without preferred orientation ([Fig. 2G--I](#F2){ref-type="fig"}) and contained elongate and branched charasomes at the acid zones ([Fig. 2G, I](#F2){ref-type="fig"}; [Supplementary Fig. S2A](#SD2){ref-type="supplementary-material"}). At the alkaline zones, charasomes were small or even absent ([Fig. 2H](#F2){ref-type="fig"}; [Supplementary Fig. S2B](#SD2){ref-type="supplementary-material"}). To summarize, during maturation of branchlet internodal cells, microtubules became shorter and less abundant, whereas charasomes became larger and more abundant at the acid regions.

A comparison between the distribution of cortical microtubules and that of charasomes showed that microtubules were preferentially located between charasomes, even in regions with a high abundance of charasomes and/or microtubules. The long and slender microtubules in younger cells of the second and the third whorls often appeared to curve around the small, punctate charasomes and were rarely seen along the cytoplasmic surface of charasomes ([Fig. 2A, C, D, F](#F2){ref-type="fig"}). The shorter and thicker microtubules of older cells (probably microtubule bundles, see below) appeared to be stiffer but were also largely excluded from the charasomes ([Fig. 2G, I](#F2){ref-type="fig"}). No microtubules were observed beneath the few, small and widely spaced charasomes present at the alkaline zones ([Fig. 2H](#F2){ref-type="fig"}; [Supplementary Fig. S2B](#SD2){ref-type="supplementary-material"}).

For the statistical analysis, we measured the relative lengths of microtubules beneath smooth plasma membrane and beneath charasomes at the acid regions (charasome area fraction between 15% and 45%) of cells. These data revealed that the median value for microtubule length per μm^2^ smooth plasma membrane was significantly higher than the median value for microtubule length per μm^2^ charasome area ([Fig. 3A](#F3){ref-type="fig"}). The ratio between these two values was 5.7, meaning that on average up to 5.7-fold more microtubules were present at the smooth than at the convoluted plasma membrane regions (charasomes). The ratios in individual cells varied between 1.5 and 9.6 and were independent of charasome area fraction (reflecting the growth of charasomes during cell maturation) or microtubule density (total microtubule length in μm per μm^2^ measured area; reflecting ageing of internodal cells) ([Supplementary Fig. S3A](#SD3){ref-type="supplementary-material"}).

Cortical microtubules are nucleated from γ-tubulin complexes localized at other microtubules or at the plasma membrane (e.g. [@R40], [@R41]). Therefore, branches or ends of microtubules are likely to indicate the position of a nucleating complex. We therefore investigated the distribution of microtubule ends or branchings in relation to the distribution of charasomes. Differences between median values of microtubule ends and branchings per μm^2^ charasome area and smooth plasma membrane area were highly significant ([Fig. 3B](#F3){ref-type="fig"}). The ratio of the median values was 13.8, i.e. up to 13.8-fold more microtubule ends and branchings were observed at the smooth plasma membrane as compared with the charasome cytoplasmic surface. The individual values (ranging between 8.7 and 88.6) were independent of charasome area fraction or microtubule density ([Supplementary Fig. S3B](#SD3){ref-type="supplementary-material"}).

The fine structure of the cortical cytoplasm of branchlet internodal cells is shown in [Fig. 4](#F4){ref-type="fig"}. In rapidly elongating branchlet internodal cells, microtubules were oriented perpendicular to the cell's long axis and preferentially located between charasomes ([Fig. 4A, B, D](#F4){ref-type="fig"}), confirming the data obtained by confocal laser scanning microscopy (see above). The distances between the plasma membrane and microtubules varied between 5 and 300 nm, suggesting that cortical microtubules are anchored at one end only and consistent with an earlier study which showed an oblique orientation of microtubules relative to the plasma membrane ([@R19]; see also [@R51] for microtubules in higher plant cells). Beneath charasomes, microtubules were only occasionally observed and their distance from the charasome membrane was always \>5 nm (e.g. [Fig. 4A](#F4){ref-type="fig"}). In older internodal cells which contained larger charasomes or charasome meshworks ([Fig. 4C, E](#F4){ref-type="fig"}), microtubule bundles were found between charasomes or at the boundary between 'fusing' charasomes and at a considerable distance from the charasome cytoplasmic surface ([Fig. 4C](#F4){ref-type="fig"}). The electron micrographs of high-pressure frozen and cryosubstituted cells also confirmed earlier studies from chemically fixed cells which showed that the cytoplasmic surface of non-growing charasomes is largely devoid of coated pits ([@R46]; [Fig. 4A, B](#F4){ref-type="fig"}).

It has been reported that the relative number of cortical microtubules at acid bands is higher than the relative number of microtubules at alkaline regions in internodal cells of the main axis of *Chara corallina* ([@R62]). Accordingly, charasome-rich, acid zones should have more microtubules than charasome-poor, alkaline areas. In branchlet internodal cells of *Chara australis* investigated during the course of this study, the total number of microtubules per μm^2^ (at the charasome cytoplasmic surface and between charasomes) was independent of the charasome area fraction and thus independent of the pH banding pattern. A pair-wise comparison of microtubule density (number of microtubules counted along a 20 μm line positioned at various angles according to [@R62]) at charasome-rich and charasome-poor zones of the same cells showed that microtubule numbers per micrometer varied slightly but did not correlate with the charasome area fraction (data not shown).

Cortical actin filaments preferentially between charasomes {#S4}
----------------------------------------------------------

The actin cytoskeleton of branchlet internodal cells was visualized by perfusion with fluorescent phalloidin ([@R21]). It consists of subcortical parallel bundles along the inner surface of the stationary chloroplast files which are responsible for cytoplasmic streaming via interaction with myosin-coated, endoplasmic organelles ([@R55]). These bundles extend towards the cell periphery, especially in elongating cells where there is ample space between growing chloroplasts. In addition, single or less bundled actin filaments are present at the plasma membrane ([@R20], and references therein; [Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}). During cell elongation, the orientation of these cortical actin filaments changes from near transverse to the cell's long axis to random ([@R60]) just like the orientation of microtubules. [Fig. 5A--C](#F5){ref-type="fig"} shows small punctate charasomes and abundant, transversely oriented cortical actin filaments in a young, rapidly elongating branchlet internodal cell. The acid regions of mature cells contained larger charasomes with an irregular shape and randomly oriented cortical actin filaments ([Fig. 5D--F](#F5){ref-type="fig"}). In both young and older cells, cortical actin filaments extended mainly between charasomes ([Fig. 5A, C, D, F](#F5){ref-type="fig"}). Cortical actin filaments were never found beneath the few and small charasomes present at the alkaline zones ([Fig. 5G--I](#F5){ref-type="fig"}).

The statistical analysis of actin filament distribution and density was made at (acid) regions where the charasome area fraction was between 16% and 51%. The differences in relative actin filament length at smooth plasma membrane regions and at charasomes were not as pronounced as shown for microtubules, but medians were significantly different ([Fig. 6A](#F6){ref-type="fig"}). The ratio between these two values was 4.4, i.e. on average up to 4.4-fold more actin filaments were present at the smooth plasma membrane as compared with the charasome area. The ratios in individual cells varied between 1.1 and 9.8, and were independent of charasome area fraction and of actin filament density (total actin filament length in μm per μm^2^ measured area; [Supplementary Fig. S4A](#SD4){ref-type="supplementary-material"}).

Actin filaments are often nucleated from protein complexes associated with the cell membrane (e.g. [@R59]). We therefore counted the number of actin filament ends per μm^2^ smooth plasma membrane and per μm^2^ charasome in the acid regions (charasome area fractions varied between 14% and 36%). Actin filament ends were more abundant at the smooth plasma membrane as compared with the cytoplasmic surface of charasomes. The difference between the mean values 0.031 and 0.006 per μm^2^ was highly significant (*P* ≤ 0.001; [Fig. 6B](#F6){ref-type="fig"}). The ratio between these two values was 5, i.e. on average up to 5-fold more actin filament ends were present at the smooth plasma membrane as compared with the charasome area. The ratios in individual cells varied between 2.2 and 15.1, and were independent of charasome area fraction and of actin filament density ([Supplementary Fig. S4B](#SD4){ref-type="supplementary-material"}).

No significant differences in the density or length of cortical actin filaments were found between charasome-containing acid and charasome-free alkaline regions (compare [Fig. 5E, H](#F5){ref-type="fig"}) of branchlet internodal cells. We also found no correlation between the distribution of cytochalasin-induced cortical actin rods and the distribution of charasomes. Such actin rods were induced by 1 h treatment with 5 μM cytochalasin D, a concentration which reorganizes cortical actin filaments but which does not arrest cytoplasmic streaming ([Supplementary Fig. S5](#SD5){ref-type="supplementary-material"}; [@R21]). The actin rods were not homogeneously distributed in the cortex of internodal cells and it had been suggested that this patchy pattern might correspond to the pH banding pattern and/or the distribution of charasomes ([@R17]). The images obtained after staining cells with FM1-43 and perfusion with fluorescent phalloidin, however, revealed that the distribution of cytochalasin D-induced cortical actin rods was independent of the distribution of charasomes. On the one hand, we observed that the length and abundance of actin rods was similar in charasome-rich ([Supplementary Fig. S5A, B](#SD5){ref-type="supplementary-material"}) and neighboring charasome-poor regions ([Supplementary Fig. S5C, D](#SD5){ref-type="supplementary-material"}), and, on the other hand, differences in actin rod length and abundance occurred within regions with homogeneously distributed charasomes ([Supplementary Fig. S5E, F](#SD5){ref-type="supplementary-material"}; note short actin rods at the left side of the image and long actin rods at the right side of the image). Cortical actin rods were also present in cells treated with 25 μM cytochalasin D ([Supplementary Fig. S5G, H](#SD5){ref-type="supplementary-material"}).

Charasome growth requires a functional actin cytoskeleton but not microtubules {#S5}
------------------------------------------------------------------------------

During the course of this project, we also wanted to find out whether the depolymerization of microtubules or the disturbance of the actin cytoskeleton affected the development of charasomes. For that purpose, branchlet internodal cells were treated with inhibitors or the appropriate concentration of the solvent (controls) and exposed to a 14/10 h light/dark regime. After 7--14 d the pH banding pattern, the velocity of cytoplasmic streaming and the PSII quantum efficiency (photosynthesis) were documented. After staining with FM1-43, maximum charasome area fractions were determined for each cell.

The role of the actin cytoskeleton in pH banding and charasome growth was studied with cytochalasin D which affects cortical actin filaments and subcortical bundles (cytoplasmic streaming) in a concentration-dependent matter ([@R21]). The concentration of cytochalasin D required for reversible arrest of cytoplasmic streaming depends on the type of cells, their physiological status and their age. In branchlet internodal cells used for the study of pH banding and charasome growth, cytoplasmic mass streaming was inhibited by 10 μM cytochalasin D ([Table 1](#T1){ref-type="table"}). At lower concentrations (1 and 5 μM) cytochalasin D reversibly remodeled the cortical actin filaments into stable rods (see above and [Supplementary Fig. S5](#SD5){ref-type="supplementary-material"}) while cytoplasmic mass streaming continued at lower rates ([Table 1](#T1){ref-type="table"}). The effect of cytochalasin D on pH banding was as described in earlier papers for cytochalasin B ([@R34], [@R10]). After 7 d treatment with 1 μM cytochalasin D, the number of alkaline regions was enhanced as compared with the control cells and, after 7 d treatment with 10 μM cytochalasin D, pH banding was completely inhibited just as cytoplasmic mass streaming ([Table 1](#T1){ref-type="table"}; [Fig. 7A, D, G](#F7){ref-type="fig"}). The shape, size and distribution of charasomes formed over a period of 7 d in the presence of 1 μM cytochalasin D ([Fig. 7D--F](#F7){ref-type="fig"}) were similar to those in control cells ([Fig. 7A--C](#F7){ref-type="fig"}), i.e. regions with a high abundance of charasomes alternated with regions where charasomes were less abundant and often smaller. Fewer and smaller charasomes were observed in cells treated with 10 μM cytochalasin D ([Fig. 7G--I](#F7){ref-type="fig"}). The inhibitory effect of 10 μM cytochalasin D on charasome development was obvious even at low magnifications of FM-stained cells. In untreated cells and in cells treated with 1 μM cytochalasin D ([Fig. 7J](#F7){ref-type="fig"}), regions with high abundances of charasomes (acid regions) alternated with zones where charasomes were less abundant (alkaline regions). In cells treated with 10 μM cytochalasin D, charasome size and distribution were similar along the whole cytoplasmic surface of cells, resulting in a more or less uniform fluorescence of plasma membrane dyes ([Fig. 7K](#F7){ref-type="fig"}).

The statistical analysis confirmed significantly lower median values for maximum charasome area fractions in cells where cytoplasmic streaming was arrested with 10 μM cytochalasin D ([Fig. 8A](#F8){ref-type="fig"}). In contrast, minimum charasome area fractions were similar in control and cytochalasin D-treated cells ([Fig. 8A](#F8){ref-type="fig"}). Photosynthesis, measured as effective quantum yield of electron flow in PSII, was not significantly affected after 7 d treatment with cytochalasin D under the conditions used during this study ([Fig. 8B](#F8){ref-type="fig"}), indicating that the inhibitory effect of this drug on charasome development was not due to an unspecific side effect.

The microtubule-depolymerizing drug oryzalin was used at concentrations of 1, 5, and 10 μM ([Figs. 9](#F9){ref-type="fig"}, [10](#F10){ref-type="fig"}). The concentration of 1 μM was sufficient to disassemble microtubules in branchlet internodal cells within 30 min ([Supplementary Fig. S6](#SD6){ref-type="supplementary-material"}), but affected neither the velocity of cytoplasmic streaming ([Table 2](#T2){ref-type="table"}) nor PSII quantum efficiency ([Fig. 10B](#F10){ref-type="fig"}). The pH banding pattern and the maximum and minimum charasome area fractions in cells treated with 1 μM oryzalin were similar to those in control cells ([Table 2](#T2){ref-type="table"}; [Figs. 9A, B, E, F](#F9){ref-type="fig"}, [10A](#F10){ref-type="fig"}). Charasome area fractions similar to those in controls were also observed in cells incubated in 5 μM oryzalin in spite of a significant decrease in pH bands ([Table 2](#T2){ref-type="table"}; [Figs. 9C, G](#F9){ref-type="fig"}, [10A](#F10){ref-type="fig"}). A significant decrease in the pH banding activity and in maximum charasome area fraction occurred at 10 μM oryzalin ([Figs. 9D, H](#F9){ref-type="fig"}, [10A](#F10){ref-type="fig"}). At this concentration, oryzalin also affected the morphology and anchoring of chloroplasts ([Fig. 9D, H](#F9){ref-type="fig"}). In control cells, as well as in cells treated with 1 or 5 μM oryzalin ([Fig. 9A--C, E--G](#F9){ref-type="fig"}) the chloroplasts were often elongate and arranged in helical files. Cells treated with 10 μM oryzalin for several days always had roundish and less regularly arranged chloroplasts ([Fig. 9D, H](#F9){ref-type="fig"}), and, occasionally, areas without any chloroplasts (not shown). This and the presence of wound walls, which are also brightly stained by FM dyes ([Fig. 9H](#F9){ref-type="fig"}, arrows), indicates considerable but unspecific damage by long-term treatment with this concentration of the inhibitor (compare [@R32]). This unspecific effect is also reflected by the significant decrease in PSII quantum efficiency at concentrations of ≥5 μM ([Fig. 10B](#F10){ref-type="fig"}).

We also applied 10 μM paclitaxel in order to find out whether stabilization of microtubules had an effect on charasome growth. This concentration is sufficient to arrest microtubule turnover in characean internodes ([@R18]) but had no significant effect on charasome development (data not shown).

Inhibition of cytoplasmic streaming delays charasome degradation {#S6}
----------------------------------------------------------------

Finally, we wanted to know whether the cytoskeleton is required for charasome degradation which occurs when cells are no longer exposed to light. Therefore, cells with distinct alternating patterns of high and low charasome abundance (similar to that shown in [Fig. 7B, C, J](#F7){ref-type="fig"}) were dark treated in the absence and presence of inhibitors of the microtubule (oryzalin and paclitaxel) and of the actin cytoskeleton (cytochalasin D). During an incubation period of 9 d the median values for maximum charasome area fractions in cells treated with the solvent only declined to about 5% ([Fig. 11A](#F11){ref-type="fig"}), and charasome size and density were even along the whole surface of cells. This percentage was similar in cells treated with oryzalin (1 μM), paclitaxel (10 μM) and 1 and 10 μM cytochalasin D, concentrations which reduced but did not fully inhibit cytoplasmic streaming in the cells used for this study. Concentrations of cytochalasin D which completely arrested cytoplasmic streaming within 30 min (25 μM in this batch of culture) significantly delayed charasome degradation, as evident from the presence of small regions with rather high charasome densities (maximum charasome area fractions; [Fig. 11A](#F11){ref-type="fig"}; [Supplementary Fig. S7](#SD7){ref-type="supplementary-material"}). Degradation of charasomes was not fully inhibited because maximum charasome area fractions were similar in control and treated cells after 12 d incubation ([Fig. 11B](#F11){ref-type="fig"}). The inhibitory effect of cytochalasin D on the velocity of cytoplasmic streaming was fully reversible even at the highest concentrations used in this study, and control rates of cytoplasmic streaming were resumed after 1 d recovery in artificial fresh water (AFW) in darkness. Charasomes formed again when cells were subsequently exposed to light (data not shown).

Discussion {#S7}
==========

Are proteins for nucleation and anchoring of cytoskeletal proteins absent from the charasome cytoplasmic surface? {#S8}
-----------------------------------------------------------------------------------------------------------------

Plasma membrane domains are characterized by a specific composition of proteins, lipids and sterols or sterol-like substances ([@R36]). There is evidence that in the plasma membrane of characean cells a proteoglycan is responsible for establishing and maintaining the complex fine structure of charasomes ([@R46], [@R2]), but this substance has not been characterized so far. In previous studies, we found that proteins such as H^+^-ATPase and the RAB5-GTPase ARA6 are present at the smooth plasma membrane regions, and their accumulation at/in charasomes is obviously due to the surplus in plasma membrane area achieved by the tubular infoldings ([@R54], [@R26]). This increased membrane area probably also accounts for the increase in signal after staining with fluorescent plasma membrane dyes such as FM dyes, NBD--sphingomyelin and the sterol-binding dye filipin ([@R54]).

Plasma membrane domains in other cells are known to be enriched in cytoskeleton nucleating and anchoring proteins (e.g. [@R25]). We were therefore interested in the relationship between charasomes and the cortical cytoskeleton in *Chara* internodal cells, and studied the distribution of cortical microtubules and actin filaments with respect to the distribution of charasomes. Unexpectedly, we found evidence that the inner cytoplasmic surface of charasomes differs from the smooth plasma membrane regions in the absence of cytoskeleton nucleating and anchoring complexes. Our data show that actin filaments and especially microtubules were significantly more abundant at smooth plasma membrane regions than at charasomes ([Fig. 12](#F12){ref-type="fig"}). This differential distribution can be explained either by preferential growth of charasomes between cytoskeletal elements or by preferential nucleation and/or anchoring of cytoskeletal elements between charasomes. In comparison with the dynamic cytoskeleton, charasomes are long-lived stable structures. It is thus reasonable to assume that the charasome governs the distribution of actin filaments and microtubules and not vice versa. A possible explanation is that the charasome membrane facing the cytoplasm is largely devoid of proteins which are involved in the nucleation and/or anchoring of the cytoskeleton. This is consistent with electron micrographs showing that the few microtubules found along the charasome surface never approached the minimum distance of 5 nm assumed to be required for nucleation from or anchoring at the plasma membrane ([@R19]). Steric conditions might additionally influence the orientation of actin filaments and, in particular, microtubules. Microtubules are rigid structures which bend upon touching an obstacle with the growing end ([@R1]). It is conceivable that the orientation of the growing end changes when it bumps into a charasome. This would explain the often bent shape of microtubules located between charasomes. We can also not exclude the possibility that cytoskeletal elements are not able to polymerize or that they disassemble at the charasome membrane as recently described in developing xylem cells where cortical microtubules are depolymerized in plasma membrane areas enriched in Rho GTPases ([@R42]). Considering that charasomes acidify the external medium, the cytoplasm adjacent to charasomes may have a rather high pH avoided by microtubules and actin filaments. A high cytoplasmic pH in the subapical H^+^-extruding region of growing pollen tubes was demonstrated by [@R13] and correlates with the subcellular organization of the actin and microtubule cytoskeleton. Irrespective of how the depletion of microtubules and actin filaments is achieved, the charasome membrane facing the cytoplasm obviously has different properties from those of the much smaller lipid rafts which have been reported to be enriched in cytoskeleton nucleating protein complexes (e.g. [@R25]).

Clathrin-dependent endocytosis only at smooth plasma membrane regions {#S9}
---------------------------------------------------------------------

In the first detailed description of charasome fine structure using chemically fixed cells, it has been documented that the cytoplasmic surface of mature charasomes is mostly free of coated pits, although coated pits are abundant at smooth plasma membrane regions ([@R46]). Here we confirmed these findings by examining sections of cells which were high pressure frozen and cryosubstituted. The presence of coated pits and coated vesicles at smooth plasma membrane areas indicates that the plasma membrane between charasomes but not the charasome surface is involved in the formation of endocytic vesicles in mature cells, at least under conditions which do not favor the degradation of charasomes.

In this and in earlier studies we used fluorescent FM dyes for visualization of charasomes. FM dyes are widely used as endocytic markers ([@R5], [@R52]). In higher plant cells, FM dyes incorporate into the plasma membrane and co-localize with markers for different endosomal compartments before they are delivered to the vacuolar membranes via membrane trafficking (e.g. [@R53]). Consequently, if cells are pulse-labeled the fluorescence of the plasma membrane becomes weaker until it disappears completely within a few hours or even less. Pulse-labeled charasomes, however, remain fluorescent for at least 24 h, and it has been suggested that this is due to a continuous recycling of FM-stained endosomes which transport the FM dye back to the plasma membrane ([@R29]). In view of the data presented here, it is more likely that the long-lasting FM fluorescence of charasomes is due to the absence of or strongly delayed endocytosis at these peculiar plasma membrane domains, at least when charasomes are not degraded. In this respect, the charasomes bear some similarities to eisosomes in yeast. Eisosomes are stable, furrow-like invaginations of the plasma membrane from which rapidly moving marker proteins are excluded and which are characterized by a reduced rate of endocytosis (e.g. [@R58], [@R37], [@R28]).

Relative microtubule and actin filament length and density are independent of charasome area fraction {#S10}
-----------------------------------------------------------------------------------------------------

In the present study we found that relative microtubule length and relative actin filament length were independent of the charasome area fraction and, furthermore, that growth of charasomes was negatively correlated with the density of the cortical cytoskeleton. Microtubules and actin filaments were long and abundant in young internodal cells which had small charasomes, i.e. in cells with a small charasome area fraction. Older cells with shorter and less numerous microtubules and actin filaments had much larger charasomes which covered up to 45% of the cell surface at the acid regions.

In an earlier study, [@R62] reported that microtubule organization differed between acid and alkaline bands in internodal cells of the main axis of *C. corallina* nearing growth completion. Their images convincingly show that microtubules were longer and more abundant at acid bands, identified by the larger chloroplasts, than at alkaline bands. In the branchlet internodal cells of *C. australis* used during the course of this study, the density of cortical microtubules and actin filaments often varied considerably along the cell surface, but their distribution was dependent neither on the charasome area fraction nor on the density of cortical mitochondria (data not shown) which both reflect the pH banding pattern under steady-state conditions. It is possible that these divergent findings are due to differences between species or to differences between internodal cells of the main axis and branchlet internodal cells because it has been reported that the correlation between charasome density and the pH banding pattern in internodal cells of the main axis is less strict than in internodal cells of the branchlets ([@R4]). It is also possible that these divergent findings reflect different growth conditions. On the other hand, no significant differences in microtubule number, orientation or dynamics between acid and alkaline bands were observed in internodal cells of *Nitella flexilis*, a species which does not form charasomes ([@R30]). Clearly, more refined studies are required to decipher the relationship between the pH banding pattern and the organization of the cortical cytoskeleton. An important point that has to be clarified is whether local differences in external pH are echoed by local changes in the ionic composition of the cortical cytoplasm as demonstrated for pollen tubes ([@R13]). Such differences would directly or indirectly affect the cytoarchitecture of the fragile cortical cytoskeleton, irrespective of whether charasomes are present or not.

Actin filaments but not microtubules are required for charasome growth and degradation {#S11}
--------------------------------------------------------------------------------------

The results of the oryzalin and paclitaxel treatments clearly showed that functional microtubules are not required for charasome formation and confirmed earlier findings that microtubules are also not required for pH banding ([@R62]). Charasome area fractions were similar to those of control cells after several days of treatment with 1 μM oryzalin, a concentration which caused the disassembly of microtubules within 30 min. An inhibitory effect on charasome development was only observed when internodes were treated with ≥10 μM oryzalin, concentrations which have been shown to produce unspecific damage ([@R32]). The dispensability of microtubules for charasome formation is not surprising because charasomes increase in size during aging of internodal cells and at the same time the number and length of microtubules decrease. Obviously, microtubules are required in young, growing cells. They are a prerequisite for the correct orientation of cellulose fibrils prior to and during cell elongation ([@R23]) and they also play a role in the dynamics and shape of the endoplasmic reticulum ([@R16]) and of cortical mitochondria ([@R15]) in early stages of morphogenesis. However, microtubules are unessential in mature internodes, consistent with the fact that cells are able to survive in 1 μM oryzalin for several months (authors' own unpublished data). Microtubules are also not required for darkness-induced degradation of charasomes, which was affected neither by oryzalin-induced depolymerization nor by paclitaxel-induced stabilization of microtubules.

Interestingly, [@R7] found that an incision-induced transient increase in apoplastic pH was suppressed by inhibitors of microtubules (oryzalin and taxol) and, to a lesser extent, by an actin inhibitor (cytochalasin B). These results indicate that different mechanisms are responsible for photosynthesis-dependent and injury-induced alkalinization, respectively.

In contrast to the dispensability of microtubules, disturbance of the actin cytoskeleton by cytochalasin D had a much greater impact on charasome formation and on charasome degradation. The cytochalasins are so far the only reliable drugs for interference with the actin cytoskeleton of characean cells, and cytochalasin D was found to be most suited for fast and reversible inhibition of actin-based motility ([@R21]). In addition, we measured photosynthesis, a prerequisite for charasome formation and a sensitive indicator of the cell's metabolism. Under the conditions applied during this study (whole-cell illumination; but see [@R9] for illumination of a small cell area), photosynthetic electron transport was not significantly different in cells treated with streaming-arresting concentrations of cytochalasin D as compared with dimethylsulfoxide (DMSO) controls, even after long-term treatment. This confirms the actin cytoskeleton as a specific target of cytochalasin and is consistent with the work of [@R34] who found that ^14^CO~2~ fixation was not inhibited by cytochalasin B. Assimilation of HCO~3~^−^ which is more susceptible to cytochalasin B treatment ([@R34]) is likely to play a less significant role in our studies because the acid pH of AFW used for the experiment favors the uptake of CO~2~.

Charasome growth occurs by exocytosis of vesicles which are likely to be derived from the Golgi bodies and/or the *trans*-Golgi network ([@R35], [@R46]). In mature *Chara* internodal cells, most Golgi bodies and *trans*-Golgi networks are located in the endoplasm. Charasome-forming vesicles therefore have to cross the stationary chloroplast layer before they can fuse with the plasma membrane. Transport of vesicles is most probably actin--myosin dependent and occurs along actin bundles which extend from the subcortex towards the cell periphery ([@R20]). Consistent with this hypothesis, cytochalasin D inhibited growth of charasomes at concentrations which significantly delayed or arrested cytoplasmic streaming. Lower concentrations of cytochalasin D which do not arrest cytoplasmic mass streaming but which cause the reorganization of cortical actin into short, stiff rods (bundles) had no measurable effect on the growth of charasomes. We therefore hypothesize that the delicate actin filaments at the plasma membrane are not directly involved in exocytosis of charasome-forming vesicles.

Darkness-induced charasome degradation probably occurs via endocytosis. In the presence of cytochalasin D at concentrations which arrested cytoplasmic streaming. small islands with high charasome area fractions remained within large areas where charasomes were scarce and small ([Supplementary Fig. S7](#SD7){ref-type="supplementary-material"}). Charasome degradation thus was significantly delayed by cytochalasin D but not fully inhibited. This is in line with our findings about the absence of actin filaments at the cytoplasmic surface of charasomes and with earlier observations that endocytosis (or at least internalization of FM dyes) in characean internodal cells can occur in the absence of a functional actin--myosin cytoskeleton ([@R29]).

Taken together, our findings suggest that the actin cytoskeleton is required for charasome formation and that it facilitates their degradation via trafficking of charasome-forming and endocytic vesicles. The actin cytoskeleton could thus have an important role in the adaptation of the internodal cell to various light intensities by altering the size and abundance of charasomes, if necessary, or in the maintenance of the charasome pattern under steady light conditions.

Materials and Methods {#S12}
=====================

Algal material, culture conditions and inhibitor treatments {#S13}
-----------------------------------------------------------

Thalli of *C. australis* and *C. braunii* were grown in a substrate of soil, peat and sand in 10--50 liter aquaria filled with distilled water. The temperature was about 20°C, and fluorescent lamps provided a 16/8 h light/dark cycle. The light intensity was low (about 5 μE m^−2^ s^−1^) in order to prevent calcification and growth of epiphytes. After several weeks growth, fragments of thalli were isolated from the main axis with a small pair of scissors and left in AFW (10^−3^ M NaCl, 10^−4^ M KCl, 10^−4^ M CaCl~2~) until use.

Oryzalin (Riedel-de Haen) and paclitaxel (Sigma) were used to disassemble and to stabilize the microtubules, respectively. Cytochalasin D (Sigma) was used to perturb the actin cytoskeleton. Stock solutions of the inhibitors were prepared with DMSO at a concentration of 10 μM each and were further diluted with AFW. Controls contained the corresponding amounts of the solvent.

The velocity of cytoplasmic streaming was measured on video images taken with a ×20 objective lens. The movement of at least eight structures (organelles) in the bulk streaming mass was analyzed per cell, and the highest five values were averaged.

In vivo staining and perfusion of internodal cells {#S14}
--------------------------------------------------

The pH banding pattern of internodal cells was documented using phenol red (phenolsulfonphthalein; Sigma) at a concentration of 10 mM dissolved in AFW. Phenol red changes color from yellow to pink depending on the pH of the medium (the visible transition interval is between pH 6.8 and pH 8.2; [@R57]).

For in vivo staining of charasomes, internodal cells were pulse labeled for 5 min with 10 μM green fluorescent FM1-43FX {*N*-(3-triethylammoniumpropyl)-4-\[4-(dibutylamino)styryl\]pyridinium dibromide} or with 10 μM red fluorescent FM4-64 {*N*-(3-triethylammoniumpropyl)-4-\[6-(4-(diethylamino) phenyl)hexatrienyl\]pyridinium dibromide}; both from Invitrogen. These two plasma membrane dyes and endocytic markers were diluted from a 500 μM stock solution in distilled water. Mitochondria were fluorescently labeled by 30 min incubation in 1 μM Mitotracker Orange CMTM Ros (Invitrogen) diluted from a 1 mM stock solution in DMSO. All dyes were diluted in AFW.

Perfusion of internodal cells, as described by [@R63], was used to visualize the cytoskeleton. Briefly, an internodal cell was placed on the bottom of a perfusion chamber and pressed lightly into vacuum grease lines positioned several millimeters away from the cell ends. Small reservoirs with grooves were carefully placed over the grease lines and pressed down firmly without damaging the cells. The central portion of the cell between the reservoirs was then covered with silicon fluid (Wacker) in order to prevent desiccation. The ends of the cells within the reservoirs were bathed in isotonic perfusion solution: 200 mM sucrose, 70 mM KCl, 4.5 mM MgCl~2~, 5 mM EGTA, 1.48 mM CaCl~2~, 10 mM PIPES (pH 7.0 for actin and pH 6.2 for microtubules). Following reduction of turgor, cells were cut with small scissors and a small difference in solution levels between the two reservoirs ensured a gentle flow of perfusion solution through the cell. This treatment removed the cell sap and most of the endoplasm, and washed out actin and tubulin monomers which could otherwise polymerize during the subsequent staining step. After about 5 min, the perfusion solution was replaced with perfusion solution containing fluorescent stains. Actin filaments were visualized by 0.32 μM Alexa Fluor 488 phalloidin (Invitrogen) diluted from a 6.6 μM stock solution in methanol, and microtubules were stained with 2 μM paclitaxel, Oregon Green 488 conjugate (Invitrogen) diluted from a 1 mM stock solution in DMSO and freshly prepared from frozen aliquots. Unspecific staining of mitochondria and endoplasmic reticulum by fluorescent paclitaxel was reduced by lowering the temperature of the staining solution to about 4°C.

Immunofluorescence {#S15}
------------------

Fixation and staining protocols for indirect immunofluorescence were as described by [@R54]. For co-localization of microtubules with charasomes, cells were stained with FM1-43 FX for 5 min prior to fixation with 1% (v/v) glutaraldehyde in phosphate-buffered saline (PBS; 140 mM NaCl, 2.95 mM KCl, 2.38 mM KH~2~PO~4~, 7.61 mM Na~2~HPO~4~, 18.5 mM NaN~3~; pH 6.9) for 30 min at room temperature. Cells were dissected with a small pair of scissors and fragments were further treated as follows: 15 min wash with PBS, 3 × 15 min wash with PBS, 30 min treatment with 1 mg ml^−1^ NaBH~4~ in PBS, 3 × 15 min wash with PBS, 30 min blocking with 1% (w/v) bovine serum albumin (BSA) and 50 mM glycine in PBS, 2 h incubation with primary antibody anti-tyrosine tubulin, Clone TUB-1A2 (T 9028, Sigma) diluted 1: 800 in 1% (w/v) BSA and 50 mM glycine in PBS, 3 × 30 min wash with PBS, overnight incubation at 4°C with secondary antibody anti-mouse IgG conjugated to CY3 (C 2181, Sigma) diluted 1: 100 in 1% (w/v) BSA and 50 mM glycine in PBS, 3 × 30 min wash with PBS. After the final wash, cell fragments were mounted in PBS/glycerol 1: 1.

Confocal laser scanning microscopy and statistical analysis {#S16}
-----------------------------------------------------------

The confocal laser scanning microscopes used in this study were a Leica TCS SP5 coupled to a DMI 6000B inverted microscope and a Zeiss LSM 510 coupled to a Zeiss Axiovert inverted microscope. All images included in this study are single optical sections and are positioned with vertical sides parallel to the long axes of the cells. For comparison of the distribution of microtubules or actin filaments with that of charasomes, Z-stacks of the cortical cytoplasm were taken using a ×40 water immersion objective with a numerical aperture of 1.2 or a ×63 oil immersion objective with a numerical aperture of 1.4. Usually, single optical sections with a thickness of 1.2 μm were sufficient for the analysis of the cytoskeleton at the cytoplasmic surface of the charasomes and the adjacent smooth plasma membrane areas. If charasomes were thicker than 1.2 μm, a projection of two optical sections was necessary to visualize all cytoskeletal elements in the peripheral cell cortex. Statistical analysis was performed using Image J (<http://imagej.nih.gov/ij>) and SigmaPlot (Systat Software).

Electron microscopy {#S17}
-------------------

Chemical fixation of branchlet internodal cells of *C. australis* was as described in [@R14]. Briefly, cells were fixed for 30 min at room temperature in 1% glutaraldehyde dissolved in phosphate buffer, pH 6.8. Following several washes in buffer, cells were post-fixed overnight at 4°C in 2% OsO~4~ dissolved in buffer. After dehydration in an ethanol series at 4°C, cells were embedded in Agar low viscosity resin (Agar Scientific). Lateral internodal cells of *C. braunii* were cryofixed in a LeicaEMPACT high pressure freezer (Leica Microsystems), freeze-substituted in a Leica EM AFS freeze-substitution apparatus and embedded in LR Gold Resin (London Resin Co.). Micrographs of ultrathin sections were taken at elastic bright-field mode with a LEO 912 transmission electron microscope equipped with in-column energy filter (Zeiss).

Chl fluorescence measurements {#S18}
-----------------------------

Photosynthetic activity was measured as described in [@R8]. Three or four groups of internodal cells were kept in darkness for 7 d and then incubated under dim light (about 10 μE m^−2^ s^−1^ during the daytime) for 7 d in AFW supplemented with inhibitor. Untreated cells were kept in AFW-containing solvent only.
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AFW

:   artificial fresh water

BSA

:   bovine serum albumin

DMSO

:   dimethylsulfoxide

PBS

:   phosphate-buffered saline

![The characean thallus, pH banding and cortical cytoplasm of branchlet internodal cells. (A) Thallus of *Chara australis* with five whorls (W1--W5) separated by internodal cells of the main axis (arrows). (B) Isolated whorl corresponding to W4 in (A). Arrows indicate positions of branchlet internodal cells. (C) Internodal cell of a branchlet incubated in phenol red to show the pH banding pattern (the pink region indicates alkaline pH). The arrow points to the neutral line. (D) Fluorescence micrograph showing charasomes at an acid region stained with green fluorescent FM1-43 and mitochondria stained with red fluorescent mitotracker orange. Chloroplasts are false colored blue. Scale bars = 1 cm (A, B), 1 μm (C) and 10 μm (D).](emss-66379-f0001){#F1}

![Charasomes (stained with red fluorescent AM4-64) and microtubules (labeled with green fluorescent paclitaxel) in branchlet internodal cells of *C. australis*. (A--C) Images from an acid region of an elongating cell. Charasomes are small (A) and microtubules are oriented predominantly transverse to the longitudinal axis of the cell. (A is the merged image; B is the corresponding DIC image.) The scatterplott (C) shows the fluorescence intensities (0--250) for each pixel in (A) (*y* axis = green microtubule fluorescence, *x* axis = red charasome fluorescence). Note the virtual absence of co-localization (yellow pixels). (D--F) Microtubules and charasomes in an acid region of a nearly mature cell (D is the merged image; E illustrates the microtubules only). The intensity profile in (F) corresponds to the arrow in (D) and shows that microtubules are predominantly located between charasomes. (G and H) Charasomes and microtubules at an acid (G) and an alkaline region (H) of a cell which has completed growth. (I) Charasomes and microtubules at the acid region of a mature cell. Note branched charasomes and short microtubules. Scale bars = 10 μm.](emss-66379-f0002){#F2}

![(A) Relative microtubule lengths and (B) relative number of microtubule ends and branchings at the smooth plasma membrane and at charasomes are compared in box-and-whisker plots. Shown are median values with upper and lower quartiles (boxes), whiskers indicating the 10th and 90th percentiles, and outliers (dots) with *n* = 15 for each plot. Differences between median values are significant (Mann--Whitney rank sum test, *P*≤0.001).](emss-66379-f0003){#F3}

![Electron microscopical sections through the cortex of branchlet internodal cells of *C. braunii* (A, B) and *C. australis* (C--E). Asterisks indicate charasomes, thin black arrows indicate microtubules and white arrows indicate coated pits or coated vesicles; C, chloroplast; ER, endoplasmic reticulum; CW, cell wall. (A and B) Longitudinal sections of high-pressure frozen and cryosubstituted cells. The thick black arrow points to the cytoplasmic surface of the charasome. (C--E) Longitudinal (C) and tangential sections (D, E) of chemically fixed cells. (C) Detachment of charasomes and smooth plasma membrane from the cell wall is an artifact. (D) Tangential section near the plasma membrane of an elongating cell. (E) Deeper tangential section through the cortex of a mature cell showing large charasomes in close contact with mitochondria (M). Scale bars = 300 nm (A--D) and 500 nm (E).](emss-66379-f0004){#F4}

![Charasomes (labeled with red fluorescent FM4-64) and cortical actin filaments (stained with green fluorescent phalloidin) in branchlet internodal cells of *C. australis*. (A--C) Images from an acid region of an elongating cell. Charasomes are small and actin filaments are oriented predominantly transverse to the longitudinal axis of the cell. (A is the merged image, B is the DIC image and C is the scatterplot corresponding to A.) (D--F) Actin filaments and charasomes in an acid region of a mature cell. Note abundant and large charasomes; actin filaments are less abundant and randomly oriented (D is the merged image; E shows the actin filaments only). The intensity profile in (F) corresponds to the arrow in (D) and shows that actin filaments are predominantly located between charasomes. (G--I) Charasomes and actin filaments in an alkaline region adjacent to the acid zone in (D). (G is the merged image, H shows the actin filaments only, I is the corresponding DIC image.) Scale bars = 10 μm.](emss-66379-f0005){#F5}

![(A) Relative actin filament lengths and (B) relative number of actin filament ends at charasomes and at the smooth plasma membrane are compared in box-and-whisker plots. Shown are median values with upper and lower quartiles (boxes), whiskers indicating the 10th and 90th percentiles, and outliers (dots) with *n* = 11 (A) and 10 (B). Differences between median values are significant (Mann--Whitney rank sum test, *P* = 0.027 and *P*≤0.001, respectively).](emss-66379-f0006){#F6}

![Effect of cytochalasin D (CD) on pH banding and charasome growth in branchlet internodal cells of *C. australis*. (A--C) Control cell treated with AFW + 0.5% DMSO for 7 d. One alkaline band is seen in medium supplemented by phenol red (A). Charasomes (stained with green fluorescent FM1-43) are abundant at the acid zone (B) and largely absent from the alkaline band (C). (D--F) Cell treated with 1 μM CD for 7 d. Note several weak alkaline bands in (D). Charasome size and abundance at the acid (E) and alkaline zone (F) are similar to those in control cells. (G--I) Cell treated with 10 μM CD for 7 d. pH banding is inhibited (G); no obvious differences in charasome distribution along the cell can be detected (H, I two different regions of the cell illustrated in G). (J) Overview of charasome distribution in the cell illustrated in (D). Note distinct differences in charasome density according to the pH banding pattern. (K) Overview of charasome distribution in the cell illustrated in (G) (10 μM CD). Charasomes are evenly distributed. Scale bars are 1 cm (A, D, G), 250 μm (J, K) and 10 μm (B, C, E, F, H, I).](emss-66379-f0007){#F7}

![Effect of cytochalasin D (CD) and DMSO (0.1%; control) on charasome growth and photosynthetic activity in *Chara* internodal cells. Cells were incubated in darkness for 2 weeks in order to degrade existing charasomes (data not shown) and subsequently exposed to light in media containing DMSO (control) or cytochalasin, respectively. (A) Maximum and minimum charasome area fractions after a 7 d treatment are compared in box-and-whisker plots. Shown are median values with upper and lower quartiles (boxes), whiskers indicating the 10th and 90th percentiles, and outliers (dots) with *n*≥16 for each plot. Charasome formation was significantly inhibited in cells treated with 10 μM CD (\**P* \< 0.05, Kruskal--Wallis one-way analysis of variance on ranks). (B) Photosynthetic efficiency Δ*F*/*F*~m~ (Δ*F*/*F*~m~′) of cells treated with various concentrations of CD and with 0.25% DMSO. Data are presented as mean values ± SD (*n* is the number of cells examined). Differences in photosynthetic activity between untreated and CD-treated cells were insignificant.](emss-66379-f0008){#F8}

![Effect of microtubule depolymerization on charasome formation in branchlet internodal cells of *C. australis*. Charasomes were visualized by green fluorescent FM1-43 in the acid (A--D) and in the adjacent alkaline regions (E--H). Cells were treated with 0.1% DMSO (controls; A,E), and with 1 (B, F), 5 (C, G) and 10 μM oryzalin (or; D, H). Note FM1-43-stained wound walls (arrows) and irregularly arranged chloroplasts (red) in (H). Scale bars = 10 μm.](emss-66379-f0009){#F9}

![Effect of oryzalin and DMSO (0.1%; control) on charasome growth and photosynthetic activity in *Chara* internodal cells. Cells were incubated in darkness for 2 weeks and subsequently exposed to light in medium containing DMSO or oryzalin, respectively. (A) Maximum charasome area fractions per cell were measured before (control dark) and after a 7 d light treatment. Shown are median values with upper and lower quartiles (boxes), whiskers indicating the 10th and 90th percentiles, and outliers (dots) with *n*≥9 for each plot. Charasome formation is significantly inhibited in cells treated with 10 μM oryzalin (*P* \< 0.02; Kruskal--Wallis one-way analysis of variance on ranks). (B) Photosynthetic efficiency Δ*F*/*F*~m~ (Δ*F*/*F*~m~′) of cells treated with oryzalin and DMSO (0.1%; control). Data are presented as mean values ± SD (*n* is the number of cells examined). Note that the charasome area fraction is similar to that of controls in cells treated with 1 μM oryzalin, a concentration sufficient to disassemble microtubules in *Chara* internodal cells. The significant reduction in charasome area fraction observed at 10 μM oryzalin is considered to be unspecific because of the pronounced inhibition of PSII activity at 5 μM oryzalin and higher concentrations.](emss-66379-f0010){#F10}

![Effect of cytoskeleton inhibitors on degradation of charasomes. Branchlet internodal cells of *C. australis* previously exposed to light for 8 d were dark treated for 9 (A) and 12 d (B), respectively. Maximum charasome area fractions were determined for each cell (*n*≥15). Shown are median values with upper and lower quartiles (boxes), whiskers indicating the 10th and 90th percentiles, and outliers (dots) with *n*≥9 for each plot. Charasome degradation is significantly delayed in cells treated with 25 μM cytochalasin D (CD) for 9 d (\**P*≤0.002, Mann--Whitney rank sum test).](emss-66379-f0011){#F11}

![Schematic view onto the cytoplasmic surface of a charasome (white) and the adjacent smooth plasma membrane (gray). Gray circles represent the openings of the charasome cytoplasmic surface into the labyrinth of charasome tubules. Black bars represent microtubules, and thin lines represent actin filaments; asterisks indicate putative microtubule and actin-nucleating centers. Broken lines indicate depolymerization of actin filaments and microtubules beneath the charasome.](emss-66379-f0012){#F12}

###### 

Effect of cytochalasin D (CD) on the velocity of cytoplasmic streaming and on the pH banding pattern of branchlet internodal cells of *Chara australis*

                                                                    Control (0.5% DMSO)   1 μM CD              10 μM CD
  ----------------------------------------------------------------- --------------------- -------------------- --------------
  Velocity of cytoplasmic streaming in μm s^−1^; means ± SD (*n*)   81.4 ± 3.8 (6)        40.8 ± 15.7 (12)\*   0 ± 0 (8)\*
  Number of pH bands per cell; means ± SD (*n*)                     1± 0 (12)             2.4 ± 1.0 (12)\*     0 ± 0 (12)\*

Cells were treated with CD for 7 d under light/dark conditions. For measuring the pH banding activity, 4 μM phenol red was added and cells were exposed to light until a constant number of alkaline bands could be detected (30 min).

Significant differences between means of control and treatments are indicated by asterisks (Mann--Whitney rank sum test, *P*\<0.01); *n* = number of cells investigated.

###### 

Effect of oryzalin on the velocity of cytoplasmic streaming and on the pH banding pattern of branchlet internodal cells of *Chara australis*

                                                                    Control (0.5% DMSO)   1 μM oryzalin     5 μM oryzalin      10 μM oryzalin
  ----------------------------------------------------------------- --------------------- ----------------- ------------------ ------------------
  Velocity of cytoplasmic streaming in μm s^−1^; means ± SD (*n*)   74.9 ± 7.9 (12)       75.5 ± 8.8 (19)   74.8 ± 8.4 (18)    79.6 ± 6.7 (8)
  Number of pH bands per cell; means ± SD (*n*)                     1.4 ± 0.5 (11)        1.1 ± 0.3 (13)    0.7 ± 0.5 (15)\*   0.5 ± 0.5 (13)\*

Cells were treated with the inhibitor for 7 d under light/dark conditions. For measuring the pH banding activity 4 μM phenol red was added and cells were exposed to light until a constant number of alkaline bands could be detected (30 min).

Significant differences between means of control and treatments are indicated by asterisks (Mann--Whitney rank sum test, *P*\<0.01); *n* = number of cells investigated.
